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Abstract
We study the complete one-loop contributions to the chromagnetic dipole moment ∆κ of the top
quark in the Standard Model, two Higgs doublet models, topcolor assited technicolor models (TC2),
331 models and extended models with a single extra dimension. We find that the SM predicts
∆κ = −0.056 and the predictions of the other models are also consitent with the constraints
imposed on ∆κ by low-energy precision measurements.
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I. INTRODUCTION
The fact that the top quark mass ∼ 172GeV [1] is of the same order of magnitude then
the electroweak symmetry breaking (EWSB) scale ν = (
√
2GF )
−1/2 = 246 GeV suggests
that the top quark may be more sensitive to new physics effects than the remaining ligthter
fermions. With the advent of the CERN Large Hadron Collider (LHC), 8 millions top-
quark pairs will be produced per year with an integrated luminosity of 10fb−1 [2]. This
number will increase by one oder of magnitude with the high luminosity option (100fb−1).
Therefore, the properties of the top quark will be examined with significant precision at the
LHC. In particular, the interest in non-standard ttg couplings arised some time ago when
it was realized that the presence of non-Standard-Model couplings could lead to significant
modifications in the total and differential cross sections of top-pair production at hadron
colliders [3, 4]. If the source of this new physics is at the TeV scale, it has been pointed
out [3] that the leading effect may be parametrized by a chromomagnetic dipole moment
(CMDM) ∆κ of the top quark since this is the lowest dimension CP-conserving operator
arising from an effective Lagrangian contributing to the gluon-top-quark coupling,
L5 = (∆κ/2)(gs/4mt)u¯(t)σµνF µν,αT αu(t) (1)
where gs and T
α are the SU(3)c coupling and generators, respectively. F
µν,α = ∂µAν,α −
∂νAµ,α − gsfαβγAµ,βAν,γ is the gluonic antisymmetric tensor.
The effects due to ∆κ 6= 0 have been examined in flavor physics as well as in topquark
cross section measurements [3, 4, 5]. In the latter case, the parton level differential cross
sections of gg → t¯t and q¯q → t¯t (the dominant channel at Fermilab Tevatron energies) were
calculated [3, 4, 6]. The combined effects of the chromomagnetic and the chromoelectric
dipole moment of the top quark on the reaction pp¯ → tt¯X were investigated in Ref. [5].
Moreover, previous analysis has revealed the the differential cross section is sensitive to
the sign of the anomalous chromomagnetic dipole moment on account of the interference
with the SM coupling. This can lead to a significant suppression or enhancement in the
production rate [3].
Cross section measurements at the Tevatron are expected to constrain the CMDM of
the top quark to |∆κ| ≤ 0.15 − 0.20 [7]. Since the influence of ∆κ grows rapidly with the
increasing center of mass energy, this bound will be improved by one order of magnitude
at the LHC with a luminosity of 100fb−1 [8]. On the other hand, it has been pointed out
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[9] that the CLEO data on b→ sγ gives already a constraint as strong as that expected at
the LHC, −0.03 ≤ ∆κ ≤ 0.01. Low-energy precision measurements have produced similar
constraints for the non-standard top-quark couplings tbW, ttZ, tcV, tcH , with V = γ, g, Z
[10, 11]. It is interesting to notice that the CP violating chromoelectric dipole moment of
the top quark, which is much further suppressed than the CMDM, has not been constrained
yet by low-energy precision measurements. However, the CP-odd observables induced by
a chromoelectric dipole moment for the tt¯ system have been studied in p − p and p − p¯
collisions [12].
In the Standard Model (SM) [13], ∆κ arises at the one-loop level and it is of order 10−2 for
a light Higgs boson mass [9]. A large value for ∆κ arises naturally in dynamical electroweak-
symmetric breaking models such as technicolor or topcolor [3]. In two Higgs doublet models
(THDM) and for QCD-SUSY corrections, previous studies have found that ∆κ could be as
large as 10−1 [9]. The search for ∆κ effects induced in the LHC/ILC accelerators constitute
then a window to look for physics beyond the SM.
Motivated by the fact that there is no detailed study in the literature of the top-quark
CMDM ∆κ, in the present paper we make a critical reanalysis of the one-loop contributions
to ∆κ in the SM, the two-Higgs doublet model (THDM-II), topcolor assited technicolor
(TC2) models, as well as in the so called 331 models and in the framework of a universal extra
dimension with the SM fields propagating in the bulk. We have found that the predictions
of all these models are consistent with the constraints obtained from low-energy precision
measurements [9].
The paper is organized as follows. In Section II we present the general framework required
in each model in order to compute the respective one-loop contributions to the top-quark
CMDM. In this paper we put together the results obtained for the top-quark CMDM in each
one of the models addressed in this paper. The concluding remarks are included in section
III and in the Appendix we present the analytical expressions obtained in our calculation
for the one-loop Feynman diagrams contributing to the CMDM.
II. FRAMEWORK
In this section, we present the basic elements of the models in which we have computed
the top-quark CMDM.
3
FIG. 1: Feynman diagrams that contribute to the CMDM
A B A
′
B
′
tth0 −i gmt2MW −i
gmt
2MW
−i gmt2MW −i
gmt
2MW
ttGZ
gmt
2MW
− gmt2MW
gmt
2MW
− gmt2MW
ttGW 0 i
gmt
2MW
i gmt2MW
0
tbWµ −i g√2 0 −i
g√
2
0
ttZµ −i gcW (
1
2 − 23s2W ) i gcW
2
3s
2
W −i gcW (
1
2 − 23s2W ) i gcW
2
3s
2
W
TABLE I: Feynman rules for the SM contributions to the CMDMT
A. Standard Model
In the SM [10] the top-quark CMDM arises from loops containing the electroweak bosons
W±, Z, h0 with their respective would-be Goldstone bosons G±W and GZ , or just gluons [9].
Figures 1 and 2 show the generic diagrams for the electroweak contributions to the CMDM.
In Table I we include the respective Feynman rules used to compute these contributions.
The diagrams shown in Figs. 1b and 2b induce the QCD contribution to the CMDM of the
top quark. Notice that the contribution arising from diagram 2b was not considered in our
previous work on △κ [9].
The contributions obtained for each SM QCD and electroweak one-loop diagrams for the
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FIG. 2: Feynman diagrams for the QCD contributions to the CMDM
CMDM are given by
∆κQCD(µ) = −6.4 × 10−2
∆κh
0
(s) = 8.7× 10−3 , mh = 120GeV
∆κGZ(s) = −5.1 × 10−3
∆κGW(s) = −5.2 × 10−3
∆κW(µ) = 9.9× 10−3
∆κZ(µ) = −7.5 × 10−4
(2)
where the subindices (µ) or (s) mean that the internal boson line in the one loop diagram
corresponds to gauge or scalar bosons, respectively. Taking the sum of only the electroweak
contributions, we get
∆κEW = 7.5× 10−3 (3)
which is about 12% of the QCD contribution but with opposite sign. The SM prediction for
the top-quark CMDM is thus given by
∆κSM = −5.6× 10−2 (4)
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A B A
′
B
′
tth −i gmtcθ2MW sβ −i
gmtcθ
2MW sβ
−i gmtcθ2MW sβ −i
gmtcθ
2MW sβ
ttA0 gmt2MW tβ
− gmt2MW tβ
gmt
2MW tβ
− gmt2MW tβ
tbH 0 i gmt√
2MW tβ
i gmt√
2MW tβ
0
TABLE II: Feynman rules for the THDM contributions to the CMDMT
B. THDM-II
The Yukawa couplings needed to compute the top-quark CMDM in the two Higgs doublet
model (THDM-II) are given by the Lagrangian
−LY = htQLφ˜1tR + hbQLφ2bR + h.c. (5)
where we have used a discrete symmetry φ1 → φ1 → φ2 → −φ2 to avoid flavor-changing
neutral couplings for the quarks at the tree level [14]. QL corresponds to the quark doublet
for the third family. After the spontaneous symmetry breaking, with ν1 and ν2 the respective
vacuum expectation values for the two Higgs doublets and tan β = ν1/ν2, there are two
physical charged scalar bosons H± and three physical neutral scalar bosons h,H and A,
and the respective would-be Goldstone bosons G±W and GZ . The Feynman rules required to
compute the top-quark CMDM in this model are depicted in Table II. We have neglected
the H±tb coupling which is proportional to the bottom quark mass. The cos θ is the mixing
angle of the two CP-even scalar fields, h,H .
The one-loop effects induced by the THDM on the CMDM were also calculated in Ref.[9].
However, the results obtained in this case were used only to get constraints on the THDM
parameters involved in the calculation by requiring in turn that these contributions also
agreed with the low-energy constraints on the CMDM [9].
In the THDM-II, the charged Higgs boson H+ and the neutral Higgs bosons h0, H0, A0
give the following contributions to the CMDM,
∆κH
+
(s) = 3.7× 10−3, 1.4× 10−3, 6.2× 10−4 ,
∆κA
0
(s) = −3.6× 10−3, −2.8 × 10−3, −1.8 × 10−3,
∆κh
0
(s) = 8.6× 10−3,
∆κH
0
(s) = 4.3× 10−3, (6)
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where we have taken tanβ = 1, sin θ = 1/
√
2 and mH+/mA0 = 250, 350, 500 GeV. The
masses for the CP-even scalar Higgs h0, H0 are 120, 300 GeV, respectively. We observe that
these contributions become smaller with heavier scalars, which agrees with the expectations
given by the decoupling theorem. Taking into account the contribution of the H+, H0, A0
fields, we get for the scalar contributions of the THDM-II to the CMDM the result
∆κTHDM(s) = 4.4× 10−3, 3.0× 10−3, 3.1× 10−3. (7)
Then, the THDM contribution to the CMDM is one order of magnitude smaller than the
SM value.
When tan β = 10 the predicted value for ∆κ due to the CP-even neutral scalar is of
the same order of magnitude than for tan β = 1, but the CP-odd scalar contribution is two
orders of magnitude lower, and the charged scalar Higgs is one order of magnitude lower than
the value given by tan β = 1. In this case the most important contribution is coming from
the H0 scalar field, and the ∆κTHDM practically does not change for this value of tan β.
However, for a bigger value of this parameter tan β = 100, the term proportional to the
bottom quark mass in the tbH+ vertex is more important than the coupling proportional to
the top quark mass. The contributions coming from the CP-even Higgs fields are unchanged
and the CP-even neutral scalar is very much supppresed, but the charged Higgs is incresed
in one order of magnitude, i.e., for mH+ = 250 GeV the CMDM is of the order of 3× 10−2
which is as big as the SM value but with opposite sign.
C. The 331 model
In the so-called 331 models, which are based on the SU(3)c⊗SU(3)L⊗U(1) gauge group
[15, 16], the cancellation of anomalies requires to have three fermion families. The number of
families in these models is regulated by the values of the parameter β given in the definition
of the respective electromagnetic charge [15]. We will consider the 331 model with β = −√3
which has a new exotic quark J3 with electric charge ±4/3 and the bilepton gauge bosons
X±± with masses MX > 850 GeV [15]. The third family of quarks is given by
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Q3L =


t
b
J3


L
∼ (3, 3, 2/3) ;
tR ∼ (3, 1, 2/3) ; bR ∼ (3, 1,−1/3) ; J3R ∼ (3, 1, 4/3) ; (8)
and the electric charge is defined by
Q = T3L −
√
3T8L +X, (9)
where T3L, T8L, and X are the respective generators of the groups SU(3)L and U(1)X .
The Higgs sector necessary to generate the fermionic masses is given by three Higgs
triplets, which after EWSB reduce to
ρ =


G+W
iGZ+V√
2
0

 ∼ (1, 3, 1) ; η =


−iGZ+V√
2
−G−W
0

 ∼ (1, 3, 0) ;
χ =


G−Y
G−−X
w+iGZ′√
2

 ∼ (1, 3,−1), (10)
where V and ω are the respective vacuum expectation values and are chosen to obey the
relation ω >> V . The scalar fields G±W , GZ , G
±
Y and G
±±
X correspond to the would-be
Goldstone bosons for the gauge fields W±, Z, Y ± and X±±, respectively.
The covariant derivative may be written in terms of the mass eigenstates in the following
way:
Dµ ∼ ∂µ + i g√
1− 3t2W
(√
3t2W (Q− T3) + T8
)
Z ′µ
+ Y −µ (T4 − iT5) +X−−µ (T6 − iT7) + h.c. (11)
Finally, the 331 Yukawa Lagrangian is given by
− LY = λ3 Q¯3L J3R χ + λij Q¯iL JjR χ∗ + h.c. (12)
where the coupling constants λ33 and λ3 are given by
λ33 ∼ g√
2
mb
MW
, λ3 ∼
√
2g
mJ3
MX
. (13)
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FIG. 3: CMDM as a function of the bilepton gauge boson mass for three values of the J3: 1, 2, 3
TeV.
A B A
′
B
′
tJ3GY −i gmJ√2MX 0 0 −i
gmJ√
2MX
tJ3Yµ −i g√2 0 −i
g√
2
0
ttZ ′µ −i g(1+t
2
W
)
2
√
3
√
1−3t2
W
−i 2g√
3
√
1−3t2
W
−i g(1+t2W )
2
√
3
√
1−3t2
W
−i 2g√
3
√
1−3t2
W
tJ3X i
g√
2
0 i g√
2
0
TABLE III: Feynman rules for the 331 model contributions to the CMDM
The relevant Feynman rules necessary to compute the top-quark CMDM are given in Table
III.
In the figure 3 we show the main contribution of this model to the CMDM as a function
of the X gauge boson mass for three different values of the exotic quark J3 mass, 1, 2, 3 TeV.
Taking 3 TeV and 4 TeV masses for J3 and X , respectively the CMDM is of the order of
10−5 which is very much suppresed with respect to the SM contribution.
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A B A
′
B
′
tth0t −i (1−ǫ)mt√2vw F −i
(1−ǫ)mt√
2vw
F −i (1−ǫ)mt√
2vw
F −i (1−ǫ)mt√
2vw
F
ttpi0t − (1−ǫ)mt√2vw F
(1−ǫ)mt√
2vw
F − (1−ǫ)mt√
2vw
F
(1−ǫ)mt√
2vw
F
tbpi+t 0 −i (1−ǫ)mtvw F −i
(1−ǫ)mt
vw
F 0
TABLE IV: Feynman rules for the TC2 model contributions to the CMDM, with F =
√
v2w
F 2t
− 1
D. Topcolor Assisted Technicolor
Light particles of the SM can be regarded as spectators of the electroweak symmetry
breaking and the massive top quark suggests that it is playing an important role in the
dynamics. This implies the possibility of a new interaction which drives the EWSB and the
big top mass in order to distinguish the top quark from the other fermions. This interaction
can generate desviations of the top quark properties from the SM predictions.
In the topcolor scenario [17, 18, 19, 20], the EWSB mechanism arises from a new, strongly
coupled gauge interaction at TeV energy scales. In the TC2 model [17], the topcolor interac-
tion generates the top quark condensation that gives rise to the main part of the top-quark
mass (1−ε)mt, with the model dependent parameter ε fixed in the range 0.03 < ε < 0.1 [19].
This model predicts three heavy top-pions (pi0t , pi
±
t ) and one top-Higgs boson h
0
t with large
Yukawa couplings to the third generation of fermions. The respective Yukawa couplings are
obtained from the Lagrangian
L =| DµΦ |2 −Yt
√
v2w − F 2t
vw
ΨLΦtR − Yt
√
v2w − F 2t
vw
tRΦΨL −mttt, (14)
with Yt = (1− ε)mt/Ft, νω = ν/
√
2 ≈ 174GeV , and the scalar field Φ is given by
Φ =

 1√2(h0t + ipi0t )
pi+t

 . (15)
For the purpose of the present paper, we will take the following values for the topcolor
parameters: ε = 0.1, νω = 174 GeV and Ft = 50 GeV. The Feynman rules for this model
are depicted in Table IV.
The masses of the top-Higgs scalars pi0t and pi
+
t are almost degenerate since they differ
10
FIG. 4: CMDM as function of the topcolor particle masses: the curve at the top corresponds to
h0t , the one at the middle to pi
+
t and the bellow to pi
0
t
FIG. 5: CMDM as function of the topcolor particle mass: the horizontal line corresponds to the
SM prediction and the line at the top gives the total topcolor TC2 predictions.
only by small electroweak corrections [20]. We will take for the top-Higgs mass a value
bigger than twice the value of the mass of the top-quark [20].
In Figure 4 we present the evolution of each one of the topcolor scalars h0t , pi
±
t , pi
0
t con-
tributions to the CMDM as function of their masses. In Figure 5 we compare the topcolor
and the SM contributions to the top-quark CMDM.
For mh0t ≈ mπt ≈ mπ0 ≈ 250 GeV and summing the respective value for the SM, we find
∆κTC2(s) = −0.01, (16)
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which is of the order of the sensibility of the LHC.
There is a previous estimate of the contribution to the CMDM induced by a techniscalar
in TC2 models [3]. However, this estimate did not consider the actual suppression factors
(4pi)−2 involved in one-loop calculations and it was obtained a rather large value for this
contribution, of order 0.1, even for a relatively massive techniscalar (0.5 TeV) [3].
E. Universal Extra Dimensions
We consider a generalization of the SM where all the particles propagate in five dimen-
sions: x = 0, 1, 2, 3 correspond to the usual coordinates and x5 = y is the fifth one. This
extra dimension will be compactified in a circle of ratio R with the points y and −y identified
in a S1/Z2 orbifold [21, 22]. The terms that will contribute at the one-loop order to the
CMDM are given by
L =
∫
d4xdy(LF + LY ) (17)
with
LF =
[
QiΓMDMQ+ UiΓ
MDMU +DiΓ
MDMD
]
,
LY = −QλuΦ˜U − QλdΦD + h.c. (18)
The numbersM,N = 0, 1, 2, 3, 5 denote the five dimensional Lorentz indexes. The covari-
ant derivative is defined asDM ≡ ∂M+iĝW aMT a+iĝ ′BMY . The five dimensional gamma ma-
trices ΓM are Γµ = γµ and Γ4 = iγ5 with the metric tensor given by gMN = (+,−,−,−,−).
The Fourier expansions of the fields are given by:
Bµ(x, y) =
1√
piR
B(0)µ (x) +
√
2√
piR
∞∑
n=1
B(n)µ (x) cos
(npiy
R
)
,
B5(x, y) =
√
2√
piR
∞∑
n=1
B
(n)
5 (x) sin
(npiy
R
)
, (19)
Q(x, y) =
1√
piR
Q
(0)
L (x) +
√
2√
piR
∞∑
n=1
[
Q
(n)
L (x) cos
(npiy
R
)
+Q
(n)
R sin
(npiy
R
)]
,
U(x, y) =
1√
piR
U
(0)
R (x) +
√
2√
piR
∞∑
n=1
[
U
(n)
t R (x) cos
(npiy
R
)
+ U
(n)
t L sin
(npiy
R
)]
The expansions for Bµ and B5 are similar to the expansions for all the gauge fields and
the Higgs doublet (but this last one without the µ or 5 Lorentz index). It is by integrating
12
A B A
′
B
′
t(0)A
(n)
µ Q
(n)
t i
2
3e 0 i
2
3e 0
t(0)Z
(n)
µ Q
(n)
t i
g
cW
(12 − 23s2W ) 0 i gcW (
1
2 − 23s2W ) 0
t(0)W
(n)
µ Q
(n)
b i
g√
2
0 i g√
2
0
t(0)A
(n)
µ U
(n)
t 0 i
2
3e 0 i
2
3e
t(0)Z
(n)
µ U
(n)
t 0 i
2
3g
s2W
cW
0 i23g
s2W
cW
TABLE V: Feynman rules for gauge KK of the UED contributions to the CMDM of top quark
A B A
′
B
′
t(0)A
(n)
5 Q
(n)
t −23e 0 0 23e
t(0)Z
(n)
5 Q
(n)
t − gcW (
1
2 − 23s2W ) 0 0 gcW (
1
2 − 23s2W )
t(0)W
(n)
5 Q
(n)
b − g√2 0 0
g√
2
t(0)A
(n)
5 U
(n)
t 0
2
3e −23e 0
t(0)Z
(n)
5 U
(n)
t −23g
s2
W
cW
0 0 23g
s2
W
cW
TABLE VI: Feynman rules for KK scalar of the UED contributions to the CMDM of top quark
the fifth y component that we obtain the usual interaction terms and the KK spectrum for
ED models, Q(n) =
(
Q
(n)
t Q
(n)
b
)T
.
We will be interested in the third family of quarks and Q
(n)
t and Q
(n)
b will refer to the
upper and lower parts of the doublet Q. Similarly, the U
(n)
t and D
(n)
t will be the KK modes
of the usual right-handed singlet top quarks. There is a mixing between the masses of the
gauge eigenstates of the KK top quarks (Q
(n)
t and U
(n)
t ), where the mixing angle is given by
tan(2αnt ) = mt/mn with mn ≈ n/R. However, we will neglect this mixing angle (sinαt = 0)
for the purpose of the present calculation.
In table V we include the Feynman rules for the fifth component of a gauge field, the
KK scalar which will induce the UED contribution to the CMDM of the top quark (Figure
1a). Table VI contains the respective Feynman rules for the couplings of the external quark
t which corresponds to the t(0) component with a gauge and quark excitations (Fig. 1a).
Table VII includes the respective Yukawa couplings for an external quark t(0) with the scalar
13
A B A
′
B
′
t(0)A
a,(n)
µ Q
(n)
t igs 0 igs 0
t(0)A
a,(n)
µ U
(n)
t 0 igs 0 igs
t(0)A
a,(n)
5 Q
(n)
t gs 0 0 −gs
t(0)A
a,(n)
5 U
(n)
t 0 −gs gs 0
TABLE VII: Feynman rules for the KK states for the QCD contributions to the CMDMT
KK states (Fig. 1a). Finally, the couplings presented in Table 8 will be used to compute
the QCD contribution to the CMDM induced by the KK excitations associated to the fifth
component of the gluon field A
Q,(n)
5 (Figs. 1a and 2a).
Here we will take 1/R ≈ 1 TeV. The KK modes corresponding to the EW sector for the
gauge (Table (V)) and scalar (Table (VI)) in the loop, respectively, then give the following
contribution to the CMDM
∆κEW,5D(µ) = −1.3× 10−4
∆κEW,5D(s) = −4.1× 10−4 (20)
with a total value for the electroweak contribution given by
∆κEW,5D = −5.4× 10−4 (21)
The KK modes of the QCD sector induces the following contributions
∆κQCD,5D(µ) = −9.4× 10−4
∆κQCD,5D(s) = −8.2× 10−4 (22)
corresponding to the gauge and scalar excitations contribution, respectively, which add to
the following value
∆κQCD,5D = −1.8× 10−3 (23)
Adding the EW eq. (21) and QCD eq. (23) contributions we get finally
∆κ5D = −2.3 × 10−3. (24)
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III. CONCLUDING REMARKS
In conclusion, we have made a critical analysis of the one loop calculations for the CMDM
of the top quark model. Our new results differ slighty from those already published for the
SM and the THDM [9]. In the TC2 model, our one-loop computation shows a smaller value
for the CMDM then the one previously obtained [3], which in turn is also in agreement
with the constraints obtained from low-energy precision experiments [9]. As far as we know,
the one-loop calculations for the 331 and universal extra-dimensions models have not been
performed previously. In particular, the 331 result is suppressed by two orders of magnitud
with respect to the SM result and the extra-dimensions result is also in agreement with the
low-energy precision contraints. In this respect, a precise measurement of the top-quark
CMDM may be used to distinguish between competing extensions of the SM. If we sum to
the SM CMDM the additional contributions given for the different models considered in the
present paper, we get the following results
∆κSM = −5.6× 10−2 , ∆κTHDM = −5.1× 10−2
∆κTC2 = −1.0× 10−2 , ∆κ5D = −5.8 × 10−2. (25)
Finally, eventhough the effects induced at NLO QCD corrections on top quark production
and decays have already been studied [23], as far as we know the complete NLO QCD
corrections to the CMDM ∆κ of the top quark have not been calculated in any of these
models. It is important also to point out that the angular distributions of leptons or jets
due to tt¯ spin correlations allow a determination of the CMDM of the top quark with an
accuracy of order 0.1 [24]. This method provides a competitive way to observe new physics
contributions to the CMDM, which is stable against experimental uncertainties [24].
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APPENDIX A: CMDM ANAYLTICAL EXPRESSIONS
In this appendix we present the analytical expressions obtained for each one-loop Feyn-
man diagram involved in the calculation of the top-quark CMDM. We have used these ex-
pressions in order to perform the respective numerical calculations that lead to the CMDM
results presented in this paper. This method has already been used to compute higher order
corrections to fermion vertices or flavor-changing neutral vertices involving leptons or the
top quark [25].
The Feynman diagram shown on Fig. 1a corresponds to the scalar contribution to the top-
quark CMDM. In the SM, the scalars circulating in the loop can be h0, GZ , and GW , while
in the 331 models it is GX . In the UED models, this contribution arises from the scalar
KK excitations h0,(n), G
(n)
Z , ...., and fifth component of the gauge fields A
(n)
5 , Z
(n)
5 ,W
(n)
5 .
The respective QCD excitations for the KK sector correspond to A
a,(n)
5 . We will use the
following notation for the incoming and the outcoming scalar couplings involved in Fig. 1a,
respectively
(APL +BPR)T
a , (A′PL +B
′PR)T
a (A1)
where T a corresponds to the SU(3)C generators in the case of QCD scalar loop and it is
just the unit matrix otherwise.
The contribution to the CMDM arising from the diagram given in Fig. 1a is thus given
by the expression,
∆κQCD(s) = −
1
6× 8pi2
∫ 1
0
dx
∫ 1−x
0
dy
1
(x+ y)2 + (x+ y)(M̂2 − m̂2 − 1) + m̂2
× {(x+ y)(x+ y − 1)(B′A+ A′B)− M̂(x+ y)(A′A+B′B)} (A2)
where m(M) correspond to the scalar (fermion) mass in the loop and the factor (-1/6) comes
from the SU(3)C generator algebra, and m̂ = m/mt is the normalized top-quark mass. In
order to get the respective EW scalar contribution for Fig. 1a, we have to replace the factor
(-1/6) by the unit and take the appropriated scalar couplings.
In particular, if we set A = B = A
′
= B
′
= 1 and M̂ = 1 in Eq. (A.2), we get directly
the h0 contribution to ∆κ(5) which agrees with the result given in Eq. (A.10) of Fujikawa
et al. [26]. On the other hand, if we set A = A
′
= −B = −B′ = 1 and M̂ = 1 in our Eq.
(A.2), we get the respective pseudoscalar GZ contribution which also agrees with Eq. (3.5)
of Ref. [26].
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If we have two KK excitations running in the loop of Fig. 1a, the respective analytical
expression is given by
∆κ(s) ≈ −
∞∑
n=1
1
12× 48pi2
1
(̂n/R)
2{3(B′A + A′B)− 2M̂(A′A+B′B)}
≈ − R̂
2
72× 48{3(B
′A+ A′B)− 2M̂(A′A+B′B)}, (A3)
where we have used the approximation that the masses of both excitations are of the same
order of magnitude mn ∼ n/R and we have neglected any other mass circulating in the loop.
The diagram shown in Fig. 1b receives contributions from the SM gauge bosons W, Z, g,
the 331 gauge boson X, and for the UED model it can be the respective EW or QCD gauge
bosons A
(n)
µ , Z
(n)
µ ,W
(n)
µ and A
a,(n)
µ . In this case, we use the following notation for the gauge
and fermionic couplings involved in this diagram,
γα(APL +BPR)T
a γα(A
′PL +B
′PR)T
a, (A4)
where the T a correspond again to the SU(3)C generators. The respective analytical expres-
sion for this contribution is given by,
∆κ(µ) = − 1
6 × 4pi2
∫ 1
0
dx
∫ 1−x
0
dy
1
(x+ y)2 + (x+ y)(M̂2 − m̂2 − 1) + m̂2
× {(x+ y − 2)(x+ y − 1)(A′A+B′B)
− M̂(x+ y − 1)(A′B +B′A)}. (A5)
∆κ(µ) ≈ −
∞∑
n=1
1
12× 24pi2
1
(n̂/R)2
{3(A′A+B′B)− 2M̂(A′B +B′A)}
≈ − R̂
2
72× 24{3(A
′A +B′B)− 2M̂(A′B +B′A)}, (A6)
In order to get the EW contribution for the diagram 1b, we have to make the same sustitu-
tions indicated for the expression (A.2).
For example, if we apply Eq. (A.5) to the loop induced by the exchange of a Z gauge boson
and set M̂ = 1, we get direclty Eq. (A.4) of Fujikawa et al. [26] with η = 1. For the loop
induced by the exchange of a gluon, if we set M̂ = 1 m̂ = 0, and A = B = A
′
= B
′
= −igs,
we obtain
∆κQCD(µ) = −
1
6
αs
pi
. (A7)
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The above result reduces to the well known QED result ∆κ = α/(2pi) if we supress the factor
−1/6 coming from SU(3)C algebra and an additional 1/2 factor which was introduced in
the definition of ∆κ given in Eq. (1).
In the UED models, the diagram shown in Fig. 2a receives contributions from a colored
scalar particle which corresponds to the dimension 5 component of the gluons, A
a,(n)
5 . In
this case we use the following notation for the respective couplings,
(APL +BPR)T
c , (A′PL +B
′PR)T
d. (A8)
where the couplings for the excitated colored scalar with the external gluon may be taken
from Ref.[19]. The corresponding contribution has the analytical expression,
∆κ(s) =
3
16pi2
∫ 1
0
dx
∫ 1−x
0
dy
1
(x+ y)2 + (x+ y)(M̂2 − m̂2 − 1) + m̂2
× {(x+ y)(x+ y − 1)(A′B +B′A)
− m̂(x+ y − 1)(A′A+B′B)} (A9)
and in this case the factor 3/2 comes from the Lie algebra of the generators fabcT bT c.
The expression for the KK contributions in this case reduces to
∆κ(s) ≈ −
∞∑
n=1
3
12× 16pi2
1
(n̂/R)2
{3(A′B +B′A) + 2M̂(A′A+ A′A)}
≈ R̂
2
24× 16{3(A
′B +B′A) + 2M̂(A′A+B′B)}, (A10)
where we have assumed again that the the excitation masses running in the loop are of the
same order of magnitude.
The diagram given in Fig. 2b receives contributions from the gluons Aaµ or the respective
KK excitations A
a,(n)
µ , the notation for the respective couplings is given by
γα(APL +BPR)T
a γβ(A
′PL +B
′PR)T
b (A11)
and thus the corresponding QCD contribution to the CMDM may be expressed as
∆κ(µ) =
3
8pi2
∫ 1
0
dx
∫ 1−x
0
dy
1
(x+ y)2 + (x+ y)(M̂2 − m̂2 − 1) + m̂2
× {(x+ y)(x+ y − 1)(A′A+B′B)
− M̂(x+ y − 1)(A′B +B′A)} (A12)
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Finally, if we have two KK excitations running in this loop, we get the following expres-
sion for this contribution
∆κ(µ) =
3
8pi2
∫ 1
0
dx
∫ 1−x
0
dy
1
(x+ y)2 + (x+ y)(M̂2 − m̂2 − 1) + m̂2
× {(x+ y)(x+ y − 1)(A′A+B′B)
− M̂(x+ y − 1)(A′B +B′A)}. (A13)
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